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Abstract

Purpose—The purpose of the study was to investigate the role of Prolactin-Induced Protein (PIP) 

as a predictive biomarker for Keratoconus (KC).

Participants—This study included one hundred and forty-seven patients with KC (105 male, 42 

female), and sixty healthy controls (27 male, 33 female).

Methods—Tears, plasma and saliva samples were collected from all participants. In both KC and 

healthy groups all collected samples were divided into four age subgroups (15–24y), (25–34y), 

(35–44y) and (45y and up). Samples were analyzed using western blot (WB) and enzyme-linked 

immunosorbent assay (ELISA). Areas under the receiver operating characteristic curves 

(AUROCs) were used to evaluate diagnostic accuracy for distinguishing between KC and healthy 

eyes.
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Main Outcome Measures—Difference in PIP protein levels between patients with KC and 

healthy controls.

Results—Results showed significant downregulation of PIP expression in all three biological 

fluids on KC patients when compared to healthy controls, independent of age, sex and severity. 

Since PIP is a hormonal-regulated protein, we also investigated the expression of major sex 

hormones. We detected significant upregulation in salivary and plasma Dehydroepiandrosterone 

sulfate (DHEA-S) levels and significant downregulation of estrone and estriol levels, in KC 

patients compared to healthy controls, independent of sex, age, and KC severity stage. ROC was 

used to determine the overall predictive accuracy of this protein in KC. Data showed an area under 

the curve (AUC) for PIP in tears of 0.937 (95%CI: 0.902–0.971), in plasma of 0.928 (95%CI: 

0.890–0.968) and in saliva of 0.929 (95%CI: 0.890–0.968).

Conclusions—Conclusively, our results show that PIP levels are reduced in all three human 

biological fluids tested, and may independently or in combination with current imaging techniques 

aid in screening and diagnosis of KC. Our data revealed that PIP levels can potentially 

differentiate between disease and healthy cases, and PIP levels are stable in relation to KC 

severity, sex and age. Moreover, alterations in sex hormone levels in correlation with reduced PIP 

levels in KC provide an intriguing insight in the underlying KC pathophysiology and highlights 

the role of PIP as a KC biomarker.
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1. Introduction

Keratoconus (KC) is a multifactorial, progressive, degenerative disease of the cornea 

(Rabinowitz, 1998). Genetic, biochemical, and environmental factors play a potential role in 

pathogenesis, but the etiology remains obscure (Gordon-Shaag et al., 2015; Khaled et al., 

2017). Corneal thinning, protrusion, and steepening are the main characteristics of the 

disease, which result in reduced visual acuity and reduced quality of life (Nowak and 

Gajecka, 2011).

KC frequently develops during puberty and commonly presents bilaterally, but with a high 

prevalence of inter-eye asymmetry (Khaled et al., 2017). This ectatic disorder is difficult to 

diagnose in early stages when the cornea appears healthy, even with modern scanning 
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devices. However, in later stages, protrusion and thinning becomes apparent by slit lamp 

examination (Krachmer et al., 1984). KC management depends on the severity of the 

disease. In less severe cases, compensation of the reduced visual acuity with spectacles, 

contact lenses, or intracorneal ring segments may be sufficient. In more severe cases, 

treatments such as corneal collagen crosslinking (CXL) or corneal transplants may become 

necessary. CXL offers the opportunity to halt the progression of KC, making early diagnosis 

of this progressive disease critical (Spoerl et al., 1998; Wollensak et al., 2003).

A number of genes have been reported as casual candidates for KC, but genetic studies have 

been inconclusive (Abu-Amero et al., 2014; Gordon-Shaag et al., 2015). Various studies 

have reported a significant downregulation in Lysyl oxidase (LOX) gene and protein levels 

in cornea and tear samples form KC patients when compared to healthy control samples 

(Dudakova et al., 2012; Nishtala et al., 2016; Shetty et al., 2015). Further studies in larger 

cohorts are required to prove specificity and sensitivity of LOX as a potential biomarker of 

KC.

While other disease areas such as cancer and diabetes have taken the path of discovering and 

validating a biomarker, the KC scientific community has not (Nishtala et al., 2016). Such a 

discovery could lead to early detection of the disease, prediction of severity and rate of 

progression, and monitoring of response to treatment(s). Most importantly, it would 

accelerate the development of novel therapeutic modalities aimed towards personalized 

treatments.

Sex hormones are critical in KC pathogenesis based on multiple lines of evidence, including 

the long-standing observation of adolescent onset (McKay et al., 2016; Yin et al., 2017). It 

has been shown that corneal thickness changes occur during the menstrual cycle and that 

pregnancy may be a risk factor for KC progression (Ghahfarokhi et al., 2015; Naderan and 

Jahanrad, 2017), both of which highlight the role of sex hormones in KC. Yuksel et al. also 

observed hormonally driven acceleration of corneal thinning in three KC patients 

undergoing estrogen treatment for in vitro fertilization (Yuksel et al., 2016). Despite these 

connections, hormone receptors and their role within the cornea remain understudied (Gupta 

et al., 2005).

In 2014, our group identified significant downregulation of Prolactin-Induced Protein (PIP) 

expression in the human tear proteome from 36 KC patients and 17 healthy controls 

(Priyadarsini et al., 2014). Those findings were validated in vitro using corneal-derived cells 

grown onto our established 3D culture model. The current clinical study investigated levels 

of PIP in tears, plasma, and saliva. Our study is the first to include three biological fluids in 

KCrelated investigations, and underscores the need for a system-level understanding for 

biomarker research and personalized medicine, giving us the ability to establish/validate a 

novel protein biomarker in numerous biological fluids.

PIP is a 17-kDa glycoprotein originally identified as gross cystic disease fluid protein 15. It 

is a major component of human milk, breast cyst fluid, and saliva (Haagensen et al., 1990; 

Hassan et al., 2008b; Naderi and Meyer, 2012). The PIP gene is located on chromosome 

7q32–36 and has four exons, but only one 900 bp mRNA transcript has been described 
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(Murphy et al., 1987). PIP is a 146-amino acid polypeptide that is found in mammary 

glands, salivary glands, lacrimal glands, prostate, and other organs (Naderi, 2015). 

Determination of PIP’s crystal structure revealed an immunoglobulin fold composed of 

seven antiparallel beta-strands and seven loops (Hassan et al., 2008a). PIP has an aspartyl 

protease activity, which mediates its role as a secreted protein capable of extracellular matrix 

(ECM) degradation (Naderi and Meyer, 2012). Despite widespread expression, the exact 

function of PIP in healthy and disease state remains vague. Various studies have reported 

PIP as a multi-hormonally regulated gene in human breast cancer cell lines (Baniwal et al., 

2012), and showed PIP to be overexpressed in situ in both primary and metastatic breast 

cancer labelling it as a breast cancer marker (Baniwal et al., 2013).

The aim of this study was to investigate PIP as a potential biomarker for KC. Our study is 

amongst the top three, ever reported, in terms of number of participants and the first to 

include and correlate three different biological fluids from those participants. Together, these 

aspects provide a sound scientific premise for our clinical studies.

Based on our findings, PIP is a robust biomarker, holding true independent of sex, age and 

KC severity. We therefore believe that PIP can serve as a novel biomarker for KC and enable 

clinicians to more effectively recognize disease in patients, particularly at early stages, and 

facilitate new treatment modalities to improve KC management.

2. Subjects and Methods

2.1. Ethics approval and consent to participate

The study adhered to the tenets of the Declaration of Helsinki. All participants signed a 

written informed consent before participation. The research protocol was approved by The 

Central Denmark Region Committees on Health Research Ethics (protocol number: 1–

10-72–127-16), and by the Institutional Review Board (IRB)/Ethics committee at the 

University of Oklahoma Health Sciences Center-Dean McGee Eye Institute (IRB protocol 

#3450).

2.2. Participants and Inclusion/exclusion criteria

All patients registered with diagnosis of KC in The Danish National Patient Registry, 

residing in the Western Part of Denmark and a minimum of 15 years of age were invited to 

attend a clinical examination at The Department of Ophthalmology, Aarhus University 

Hospital, Denmark. This recruitment approach aimed to include as diverse a KC group as 

possible and specifically to include the older KC patients who usually are not compliant with 

regular patient follow-ups. All patients who responded to the invite underwent a thorough 

ophthalmologic examination including Pentacam HR, refraction and slit lamp examination 

to confirm KC diagnosis and exclude any other ophthalmic diseases. In addition, patients 

completed a study questionnaire about their medical history, use of medication, use of 

refraction, and family history of KC. Patients ethnicity was based on their country of origin. 

Healthy controls underwent a similar thorough ophthalmologic examination to ensure that 

they did not have KC or other eye diseases. Patients with a history of ocular trauma or ocular 

surgery including: corneal laser surgery, corneal transplantation, intra-corneal ring segments 
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or CXL as well as ocular surgeries not related to keratoconus on either eye was excluded, 

except for uncomplicated strabismus operation and uncomplicated cataract operation more 

than 1 year previous. Persons with other eye diseases were likewise excluded, except for 

mild cataract. Patients with any present or previous cancer as well as serious systemic 

diseases were excluded. Systemic diseases not leading to exclusion included well-treated 

hypertension, well-treated hypercholesterolemia and well-treated asthma.

Tears, plasma and saliva samples were collected from all participants. All laboratory 

analyses of these human biological fluids were performed blindly, to minimize bias. KC 

severity groups, which were defined according to maximum corneal curvature (Kmax), and 

demographic characteristics of KC patients and healthy controls are presented in (Table 1).

2.3. Tear sample collection

Hirschmann® microcapillary pipettes volume 6.66 μL (Hirchmann Laborgeräte, Germany) 

were used to collect tear fluid samples non-invasively from all participants. Tear fluid 

collection was performed from the outer third of the lower fornix and care was taken to 

avoid touching the conjunctiva or produce any reflex tearing (Stuchell et al., 1984). Tear 

fluid were expelled from the micropipette tubes into sterile microfuge tubes and stored at 

−80°C until further analysis.

2.4. Saliva sample collection

Patients were requested to rinse their mouth with water prior to sample collection. Saliva 

samples (~2 mL) were collected in 15 mL VWR® High-Performance Centrifuge Tubes 

(VWR®, United States) by passive drool (Navazesh, 1993). Prior to processing, saliva 

samples were aliquoted and stored at −80 °C until further use.

2.5. Plasma sample collection

Blood samples were collected from all participants in 10 ml EDTA-coated tubes (BD 

vacutainer®, United States). EDTA-coated tubes were gently inverted to secure mixture of 

whole blood and then centrifuged for 10 min at 1300g at 4°C to separate plasma (Tuck et al., 

2013). Plasma was then transferred to sterile microfuge tubes and stored at −80°C until 

further analyses.

2.6. Western blot analysis

Tear, plasma, and saliva samples from both healthy and KC participants were processed for 

western blot analysis, as previously described (Chertov et al., 2004; Chevalier et al., 2007; 

Khurshid et al., 2017; Priyadarsini et al., 2014). Briefly, Bradford assay (Thermo scientific, 

IL, USA) was carried out to determine the protein concentration and purity of saliva and 

plasma samples, though not to tear samples due to small volume (~5ul). Samples were 

mixed with loading buffer and equal amounts of protein were loaded (15 μg per lane) on a 

4–20% Tris-Glycine gel (Novex, Life technologies, Carlsbad, CA) and electrophoresed at 

135–140V for 1.5 hours, and transferred on to a nitrocellulose membrane (Novex, 

Nitrocellulose membrane, Life Technologies, Carlsbad, CA), at 100V for 1 hour on ice. All 

samples were run in single. Thereafter, the membranes were blocked in milk (5% milk in 

TBST; Thermo scientific, IL, USA) as per the manufacturer’s antibody specification 
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protocol; for 1 hour and incubated overnight at 4°C with primary antibody (Rabbit 

Monoclonal Anti-PIP, Abcam, Cambridge, MA) at 1:1000 dilution. The membranes were 

then washed and incubated with a donkey anti-rabbit Alexafluor 568 labeled secondary 

antibody (1:2000; Life Technologies, Eugene, OR). ChemiDoc It2 imaging system (UVP, 

Upland, CA) was used for band detection, and quantification by densitometry with grey 

scale conversion and background subtraction. Results were analyzed by normalizing to 

housekeeping GAPDH (Abcam, Cambridge, MA) and the fold expression was plotted.

2.7. Enzyme linked Immunosorbent Assay (ELISA)

2.7.1. Salivary ELISA—The following commercial immunoassay kits were used to 

detect hormone levels present in saliva samples: estrone enzyme immunoassay kit (Cat#1–

3202, Salimetrics, State College, PA), estriol/HS estriol enzyme immunoassay kit (Cat#1–

1802, Salimetrics, State College, PA), high sensitivity 17β-estradiol enzyme immunoassay 

kit (Cat#1–3702, Salimetrics, State College, PA), and DHEA-S enzyme immunoassay kit 

(Cat#1–1252, Salimetrics, State College, PA). Briefly, saliva samples were maintained on ice 

and centrifuged at 3000 rpm (4°C) for 15 minutes to pellet debris and mucins. All reagents 

were allowed to reach room temperature before use, and 100 μL of prepared standard, saliva 

sample, and enzyme conjugate were added to appropriate well (~ 2mg/mL protein extract) 

and incubated overnight at 4 °C with rocking. All standards and saliva samples were loaded 

in duplicate. Samples were then washed 4× with provided wash buffer and incubated with 

the 3,3’,5,5’-Tetramethylbenzidine (TMB) substrate solution at room temperature in the dark 

for 30 minutes, to allow the plate to develop. Finally, the reaction was stopped with 100 μL 

of stop solution added to each well and mixed briefly. Optical density was measured at 450 

nm using a plate reader. A 4-parameter non-linear regression curve fit was used to calculate 

the concentrations of all samples based on the standard curve.

2.7.2. Plasma ELISA—The following commercial immunoassay kits were used to 

detect hormone levels present in plasma samples: estrone enzyme immunoassay kit (Cat# 

MBS494182, MyBioSource-San Diego, CA ), estriol enzyme immunoassay kit (Cat# 

MBS494179, MyBioSource -San Diego, CA), high sensitivity 17β -estradiol enzyme 

immunoassay kit (Cat# MBS494184, MyBioSource San Diego, CA), and DHEA-S enzyme 

immunoassay kit (Cat# MBS498882, MyBioSource -San Diego, CA). Briefly, plasma 

samples were maintained on ice, 100 μ L of prepared standard, plasma samples, and enzyme 

conjugate were added to the appropriate wells (~2mg/mL protein extract) and incubated 

overnight at 4 °C with rocking. All standard and plasma saliva samples were loaded in 

duplicate. Samples were then washed 4× with provided wash buffer and incubated with the 

TMB solution at room temperature in the dark for 30 minutes. 100 μL of stop solution was 

added to each well, mixed briefly, and measured in a plate reader at 450 nm. A curve-fitting 

statistical software was used to plot a 4-parameter logistic curve fit to the standards and then 

calculate results for the all the samples.

2.8. Statistical analysis

Using both, D’Agostino & Pearson normality test and Shapiro-Wilk statistical test we 

detected non-normally distributed data. Data are presented as mean +/− SEM using bar plots 

and scatter plots. Mann-Whitney U non-parametric test for comparing variables and 
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determine significance was employed with GraphPad Prism 7.0 (GraphPad Software, Inc., 

La Jolla, CA, USA). A value of P < 0.05 was considered significant. ROC curves were 

calculated to evaluate the ability of PIP to differentiate between patient with KC and normal 

controls. ROC curves were calculated with 95%CI and results reported as percent of 

specificity and sensitivity as well as AUROC.

3. Results

3.1. Protein Expression

3.1.1. Total PIP expression—In order to compare the amounts of PIP at the protein 

level in human tears, plasma and saliva samples from KC patients and healthy controls we 

performed western blot analysis. Densitometry analysis of examined samples showed 

significantly lower level of PIP protein in KC patients than in healthy controls across all 

three biological fluids.

Tears: Despite the small volume for sampling, tears are an accessible source of biological 

material. The total protein concentration of human tears ranges from 6 to 11 mg/ml (Zhou 

and Beuerman, 2017) and are considered a rich source of biomarkers. Tears may hold an 

advantage over other fluids for finding relevant biomarkers in KC due to the close proximity 

to the diseased cornea. Protein levels of PIP were significantly downregulated in tear 

samples of KC patients compared to healthy controls (Fig 1A; p< 0.0001).

Plasma: Human plasma is widely used in clinical and biological studies, and is an easily 

accessible biological fluid (Yu et al., 2011). Protein levels of PIP were significantly 

downregulated in plasma samples of KC patients compared to healthy controls (Fig 1B; p< 

0.001).

Saliva: The non-invasive collection and continuous availability of saliva make it an excellent 

source of biomarkers. The protein composition of saliva has been analyzed by several groups 

and is a medically relevant fluid (Lee and Wong, 2009). Saliva was first analyzed in KC 

patients by our group in 2014 (McKay et al., 2016). In our current study, protein levels of 

PIP were significantly downregulated in saliva samples of KC patients compared to healthy 

controls (Fig 1C; p< 0.001).

3.1.2. Correlation of PIP protein expression with clinical features in KC 
patients—In this study, the correlation of PIP protein expression with clinical features of 

KC patients demonstrated that protein levels of PIP were significantly downregulated when 

compared to healthy controls, as seen in (Fig 1). We also tested whether PIP expression 

showed correlation with age, sex and KC severity.

Age: PIP expression was significantly downregulated in KC patients when compared to 

healthy controls across all age groups. Age did not affect PIP levels within healthy controls, 

or within KC patients. Excitingly, these significant differences were observed in all three 

biological fluids (Tears: Fig 2A, Plasma: Fig 2B, and Saliva: Fig 2C).

Sharif et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sex: Both KC-Male and KC-Female populations showed significantly downregulated 

expression of PIP, across all three biological fluids (tears, plasma, and saliva). We found no 

differences between males and females, in healthy or KC population (Tears: Fig 3A, Plasma: 

Fig 3B, and Saliva: Fig 3C).

Severity: PIP protein expression was significantly downregulated across all three biological 

fluids in KC patients, in all four severity groups (KC1 through KC4), when compared to 

Healthy controls. No differences were found, in PIP expression, amongst the severity groups 

(Tears: Fig 4A, Plasma: Fig 4B, and Saliva: Fig 4C).

3.2. Sex hormone levels and ELISA analysis

3.2.1. Total hormone expression—Several studies have demonstrated that PIP 

expression is regulated by hormones such as androgens, estrogens and prolactin (Baniwal et 

al., 2013; Naderi and Meyer, 2012). These hormones are essential for ocular surface 

homeostasis and structural organization, critical in maintaining a healthy cornea (Spoerl et 

al., 2007). In order to investigate the relationship between KC, PIP, and sex hormones, we 

quantified concentrations of estrone, estriol, 17β-estradiol and DHEA-S utilizing individual 

high sensitivity ELISAs.

Plasma: Our results showed a significant downregulation in both estrone (Fig 5A; 

p<0.0001) and estriol (Fig 5B; p<0.0001) levels in KC plasma samples compared to healthy 

controls. No significant differences were seen in 17β -estradiol levels (Fig 5C; p>0.05). 

DHEA-S levels, on the other hand, were significantly higher in KC plasma samples 

compared to healthy controls (Fig 5D; p<0.0001).

Saliva: Sex hormone levels were also determined in the saliva samples. Our results showed 

a significant downregulation in both salivary estrone (Fig 6A; p<0.0001) and estriol (Fig 6B; 

p<0.0001) levels in KC saliva compared to healthy controls. No significant differences were 

seen in 17β -estradiol levels (Fig 6C; p>0.05). In agreement with the plasma data (Fig 5D), 

salivary DHEA-S levels were significantly higher in KC patients when compared to healthy 

controls (Fig 6D; p=0.0001).

3.2.2. Correlation of sex hormone levels with clinical features

3.2.2.1. Plasma

Age: Expression of Estrone and Estriol were significantly downregulated, in KC, under all 

age groups when compared to healthy controls. No differences were observed for 17b 

Estradiol. DHEA-S was significantly upregulated, in KC, under all age groups when 

compared to healthy controls. No significant differences were detected amongst the four 

different age groups in this study, whether in the healthy control group or in the KC group, 

as shown in Fig S1.

Sex: Expression of Estrone and Estriol were significantly downregulated in both KC-Male 

and KC-Female, when compared to healthy controls. No differences were observed for 17b 

Estradiol. DHEA-S was significantly upregulated in both KC-Male and KC-Female, when 
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compared to healthy controls. No significant differences were observed amongst the genders 

in Healthy or KC populations as shown in Fig S2.

Severity: Expression of Estrone and Estriol were significantly downregulated, in all KC 

severity groups, when compared to healthy controls. No differences were observed for 17b 

Estradiol, whereas DHEA-S was significantly upregulated in all KC severity groups as 

shown in Fig S3.

3.2.2.2. Saliva

Age: Similar to plasma, expression of salivary Estrone and Estriol were significantly 

downregulated, in KC, under all age groups when compared to healthy controls. No 

differences were observed for 17b Estradiol. DHEA-S was also significantly upregulated, in 

KC, under all age groups when compared to healthy controls. No significant differences 

were detected amongst the four different age groups in this study, whether in the healthy 

control group or in the KC group, as shown in Fig S4.

Sex: Similar to plasma, expression of salivary Estrone and Estriol were significantly 

downregulated in both KC-Male and KC-Female, when compared to healthy controls. No 

differences were observed for 17b Estradiol. DHEA-S was significantly upregulated in both 

KC-Male and KC-Female, when compared to healthy controls. No significant differences 

were observed amongst the genders in Healthy or KC populations as shown in Fig S5.

Severity: Again similar to plasma, expression of salivary Estrone and Estriol were 

significantly downregulated, in all KC severity groups, when compared to healthy controls. 

No differences were observed for 17b Estradiol, whereas DHEA-S was significantly 

upregulated in all KC severity groups as shown in Fig S6.

3.3. Receiver operating characteristic curves

ROC curves for determining the overall predictive accuracy of PIP in tears, plasma and 

saliva of KC patients as described by the AUC. Fig 7 shows AUC for PIP in tears of 0.937 

(95%CI: 0.902–0.971), in plasma of 0.928 (95%CI: 0.890–0.968) and in saliva of 0.929 

(95%CI: 0.890–0.968).

4. Discussion

With the constant development of diagnostic techniques, there is an unmet demand for 

noninvasive methods in medical screening and diagnosis. Given the lack of knowledge on 

KC etiology, those screening methods are vital to improve early diagnosis, survey 

therapeutic outcomes, and facilitate the development of novel drug candidates.

Today there is a strong clinical imperative to identify discerning molecular biomarkers of 

disease to improve diagnosis, prognosis, and treatment. Despite the advances in high-

throughput genomics and proteomics, we are still searching for a distinct biomarker for KC. 

Consequently, the search for molecular biomarkers is more intense than ever amongst the 

scientific society. Here we present novel findings of a potential biomarker through the 

integration of a relationship among three biological fluids (tears, plasma, and saliva). This 
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approach fulfills a clinical need for minimally invasive strategies for screening and 

diagnosis.

Human tear fluid has become the most popular body fluid to investigate ocular diseases, 

being a potential source of biomarkers (de Souza et al., 2006; Zhou and Beuerman, 2017; 

Zhou et al., 2012). Tear location can be informative in pathological conditions associated 

with the anterior segment of the eye, and also yields information related to retinal and 

systemic changes in the human body (von Thun und Hohenstein-Blaul et al., 2013). Various 

studies indicate that certain inflammatory molecules are elevated in tears from patients with 

KC. Lema and Duran (2005) found that levels of interleukin 6 (IL-6), Matrix 

metalloproteinases-9 (MMP-9) and tumor necrosis factor-alpha (TNF-α) are higher in KC in 

comparison to healthy controls (Lema and Duran, 2005). Pannebaker et al. (2010) showed 

that the level of Matrix metalloproteinases-1 (MMP-1), keratins, and mammaglobin B was 

increased in KC (Pannebaker et al., 2010). Various studies have also showed other molecules 

to be differentially expressed in KC tears such as zinc-a2glycoprotein, immunoglobulin 

kappa chain (IGKC), lactoferrin (Lema et al., 2009), α-enolase, and β-actin (Karamichos et 

al., 2015; Nishtala et al., 2016; Priyadarsini et al., 2014). PIP was initially discovered in KC 

by our group during proteomic screening of tear fluid (Priyadarsini et al., 2014).

Human plasma is another important biological fluid investigated as a possible source of 

biomarkers. Plasma has been shown to be higher in sensitivity, compared to serum, in 

biomarker detection (Yu et al., 2011). Analysis of the human plasma proteome for 

biomarkers has great potential for diagnosis and early detection of human disease (Sahab et 

al., 2007). For example, the detection of certain autoantibodies in patient blood is a reliable 

biomarker for autoimmune disease, and the detection of rheumatoid factors has been an 

important diagnostic marker for systemic lupus erythematosus, rheumatoid arthritis, lupus 

nephritis and ankylosing spondylitis (Shi et al., 2017). Plasma inflammatory cytokines and 

vascular growth factors were also investigated in different stages of Diabetic Retinopathy, 

age related macular degeneration, glaucoma and Dry Eye Syndrome (Nalini et al., 2017; 

Semba et al., 2013; Vehof et al., 2017). A 2012 study found increased superoxide dismutase 

(SOD) and reduced MMP-2 and zinc in KC patient blood (Ortak et al., 2012). However, this 

conflicts with a 2016 report which found no difference in SOD activity, although zinc was 

reduced in their cohort as well, corroborating a potential role for zinc deficiency (Kilic et al., 

2016). Prolidase was found to be reduced in KC patient blood in a 2015 study which also 

found elevated oxidative stress markers (Goncu et al., 2015). In this study, the levels of PIP 

in plasma were downregulated as it was with tears. To challenge the biomarker even further, 

we measured its levels in human saliva.

Saliva contains many components also found in plasma and has several advantages over 

plasma in that saliva offers easy, cost-effective, and a noninvasive bodily fluid. This is highly 

applicable, especially in the case of oral cancers and Sjögren’s syndrome (Baldini et al., 

2018). PIP protein levels were downregulated in human KC saliva, in agreement with our 

data from tears and plasma. To our knowledge, this is the first KC study and biomarker data 

that were similarly regulated in three bodily fluids.
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Moreover, various studies showed that in both normal and diseased states, PIP expression is 

known to be regulated by prolactin and androgen hormones. Haagensen et al. (Haagensen et 

al., 1980) reported a significant upregulation of PIP levels in the plasma of pregnant women. 

The expression of PIP in human breast cancer cell lines was also shown to be up-regulated 

by prolactin, glucocorticosteroids and androgens, whereas, estrogens inhibited PIP 

expression (Carsol et al., 2002; Murphy et al., 1987). On the subcellular level, the signal 

transducer and activator of transcription 5 (Stat5) and Runx2 works through the androgen 

receptor (AR) to regulate PIP expression (Haagensen et al., 1980; Naderi, 2015). 

Nevertheless, further studies are required to understand the molecular mechanisms of PIP 

action in various tissues.

We previously utilized STRING database to determine the predicted protein-protein 

interactions of PIP using functional clustering (Sharif et al., 2018). Interestingly, 

progesterone receptor (PGR), estrogen receptor 1 (ESR1), and AR, were within the top ten 

highest protein-interaction scores (0.98, 0.96, 0.95, 0.95, and 0.8 respectively). These 

findings highlight the strong link that exist between PIP, hormones, and KC. These findings 

might explain the reduced PIP level and modulated sex hormone levels in KC patients 

detected in this study.

ROC curves highlight the strength of PIP as KC biomarker. Our data showed that KC 

patients and controls could be significantly differentiated based on PIP levels in all three 

fluids, with the maximal AUC in tear fluid of 0.937. KC patients are usually diagnosed 

based on clinical exam and tomographic measurements. Tomography such as the Pentacam 

have an AUC of around 0.972 when distinguishing KCs from healthy controls (Du et al., 

2015). However, when discriminating subclinical KC and healthy controls, the AUC of the 

Pentacam is considerably lower with highest value of 0.887 (Shetty et al., 2017). As our 

study has shown that PIP is unaffected by KC severity, the AUC of PIP in discriminating 

between subclinical KC and healthy controls may possibly be higher than the Pentacam, 

which would make the PIP level clinically usable as a diagnostic test to supplement the 

Pentacam measurements in subclinical KC. Specifically this would be useful in patients 

before laser refractive surgery such as laser-assisted in situ keratomileusis (LASIK) and 

small incision lenticule extraction (SMILE). It is well known that a small percentage of 

patients who undergo laser refractive surgery develop ectasia of the cornea, even though 

their tomographic measurements are deemed normal before the operation. If patients who 

develop ectasia have low levels of PIP similar to keratoconus patients, then it would be 

extremely relevant to test the level of PIP in patients before they undergo laser-refractive 

surgery.

Overall, our study provides a number of conceptual innovations regarding the early 

diagnosis, and treatment of KC. We are the first to study PIP in the context of KC 

pathogenesis. Our previous studies together with the data shown here are consistent with the 

premise that PIP is a new KC biomarker. The fact that 147 KC patients were willing to 

donate all three fluids at the same time as part of our study highlights the demand driven by 

the KC patients themselves to discover a new KC biomarker.
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Our collective efforts have been successful in providing a roadmap for future work in 

validating the specificity of PIP as a potential biomarker for KC. (Karamichos, 2018). 

Testing PIP on other corneal diseases in the near future will determine its specificity. The 

specificity of PIP in keratoconus is of key importance for its clinical usability. Future studies 

may consider testing PIP in corneal diseases such as ectasia post laser-refractive surgery, dry 

eyes disease including Sjögrens disease and in relation to clinical characteristics such as eye 

rubbing. Biomarkers with minimally invasive collection and reproducible metrics will aid in 

understanding the underlying causes of KC and clinically in diagnosing keratoconus in the 

early stages of the disease.

5. Conclusion

Our current work investigating PIP as a KC biomarker advances KC research, although 

further work to test PIP regulation in other diseases and validate its specificity as a 

biomarker for KC is still needed, Our data significantly enhances the understanding of KC 

pathogenesis and paves the way for early diagnosis, clinical trials, and new therapeutic 

targets for disease prevention. Validating PIP as a KCbiomarker has the potential to improve 

clinical approach to this disease..
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Abbreviations and Acronyms

KC Keratoconus

PIP Prolactin-Induced Protein

WB Western Blot

ELISA Enzyme-Labelled Immunosorbent Assay

DHEA-S Dehydroepiandrosterone sulfate

CXL, Collagen Cross-linking

ECM Extracellular Matrix

TMB, 3,3’ 5,5’-Tetramethylbenzidine
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LASIK laser-assisted in situ keratomileusis

IL-6 Interleukin 6

MMP-9 Matrix metalloproteinases-9

MMP-1 Matrix metalloproteinases-1

TNF-α Tumor Necrosis Factor-alpha

IGKC Immunoglobulin Kappa Chain

SOD Superoxide Dismutase

ROC Receiver Operating Characteristic Curve

AUROC Areas under the receiver operating characteristic curves

PGR progesterone receptor

ESR1 estrogen receptor

AR androgen receptor
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Highlights

• Prolactin-Induced Protein significantly downregulated in Keratoconus 

patients.

• Prolactin-Induced Protein significantly downregulated in tear fluid, plasma 

and saliva.

• Prolactin-Induced Protein could serve as a potential biomarker for 

Keratoconus.
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Fig. 1. 
PIP Protein levels measured by western blot analysis from three biological fluids: A: Tears; 

B: Plasma; and C: Saliva, in patients with KC (n = 147) compared to healthy controls (n = 

60). Estimates represent mean and error bars represent standard error of the mean. Mann-

Whitney U test was used to test group difference, ***p < 0.001, ****p < 0.0001.
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Fig. 2. 
PIP Protein levels measured by western blot analysis from three biological fluids: A: Tears; 

B: Plasma; and C: Saliva, in patients with KC (n = 147) compared to healthy controls (n = 

60). Four different age groups (15–14 yr, 25–33 yr, 34–44 yr, ≥45 yr) were analyzed and 

compared. Estimates represent mean and error bars represent standard error of the mean. 

Mann-Whitney U test was used to test group difference, ***p < 0.001, ****p < 0.0001.
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Fig. 3. 
PIP Protein levels measured by western blot analysis from three biological fluids: A: Tears; 

B: Plasma; and C: Saliva, in patients with KC (n = 147) compared to healthy controls (n = 

60). Male (H): healthy male: n = 27; Male (KC): male with KC: n = 105; Female (H): 

healthy female: n = 33; and Female (KC): female with KC: n = 42. Estimates represent 

mean and error bars represent standard error of the mean. Mann-Whitney U test was used to 

test group difference, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 4. 
PIP Protein levels measured by western blot analysis from three biological fluids: A: tears, 

B: Plasma and C: Saliva in patients with KC (n = 147) compared to healthy controls (n = 

60). Four KC severity stages were classified according to Kmax values (KC1, KC2, KC3, 

and KC4). Estimates represent mean and error bars represent standard error of the mean. 

Mann-Whitney U test was used to test group difference, ***p < 0.001, ****p < 0.0001.
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Fig. 5. 
ELISA analysis of total plasma sex hormone concentrations in KCs and healthy controls: 

(A) Estrone, (B) estriol, (C) 17β-estradiol, and (D) DHEA-S. Statistical significance was 

determined using Mann-Whitney U test with p ≤ 0.05 considered statistically significant. 

Estimates represent mean and error bars represent standard error of the mean. ****p < 

0.0001.

Sharif et al. Page 22

Exp Eye Res. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
ELISA analysis of total Saliva sex hormone concentrations in KCs and healthy controls: (A) 

Estrone, (B) estriol, (C) 17β-estradiol, and (D) DHEA-S. Statistical significance was 

determined using Mann-Whitney U test with p ≤ 0.05 considered statistically significant. 

Estimates represent mean and error bars represent standard error of the mean, ****p < 

0.0001.
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Fig 7: 
Receiver operating characteristic (ROC) curves for KC patients compared to healthy controls 

for PIP levels in tears, plasma and saliva. Area under the curve (AUC) and 95%CI quantified 

the ability of PIP levels to discriminate between individuals with KC and healthy controls.
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Table 1:

Demographic characteristics of the KC group and the healthy control group

Healthy control group KC group

Gender

    Male 27 (45%) 105 (71.4%)

    Female 33 (55%) 42 (28.6%)

Age Groups

    1: 15–24 years 8 (13.3%) 19 (12.9%)

    2: 25–34 years 25 (41.7%) 37 (25.2%)

    3: 35–44 years 13 (21.7%) 46 (31.3%)

    4: ≥ 45 years 14 (23.3%) 45 (30.6%)

Severity (kmax)

    1: <48D - 32 (21.8%)

    2: ≥48–53D - 44 (29.9%)

    3: ≥53–58 D - 42 (28.6%)

    4: ≥58D - 29 (19.7%)

Ethnicity

    Danish 58 (96.7%) 135 (91.8%)

    Europe Other 0 (0.0%) 4 (2.7%)

    Middle East 1 (1.7%) 5 (3.4%)

    Africa 0 (0.0%) 1 (0.7%)

    South America 0 (0.0%) 1 (0.7%)

    North America 0 (0.0%) 1 (0.7%)

    Unknown 1 (1.7%) 0 (0.0%)

Distribution of gender, age, severity and etnicity in the KC group along with distribution of gender, age and etnicity in the healthy control group. 
KC Severity groups were defined based on Kmax from Pentacam HR.
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